This article describes the use of quantitative PCR for measuring bacterial abundance in environmental samples. The two approaches discussed are: 1) The use of an internal PCR standard constructed to be the same size and have the same sequence as the primary amplification target, but differing from the primary target by 2-3 bases, corresponding to a unique restriction site. This allows the amount of target amplicon to be compared with the internal standard and circumvents the problem of differential amplification efficiencies when using dissimilar targets and standard amplicons. 2) The use of Taqman technology (Applied Biosystems, Foster City, California) with a dual labeled oligonucleotide probe which binds internal to the PCR primers. The detection of Bacteroides is used as an example for both approaches.
Introduction
In the past decade molecular techniques have provided a means for detecting the presence of virtually any type of bacteria in environmental samples, independent of the ability to culture them in the laboratory (1) (2) (3) (4) (5) (6) . Bacterial DNA can be isolated from the sample and the small subunit ribosomal RNA (SSU rRNA) genes can be amplified using the polymerase chain reaction (PCR). The sequences of the SSU rRNA genes uniquely identify the bacteria in the sample (4, 5) . PCR typically results in a 10 5 to 10 6 -fold amplification of target DNA for 20 to 30 cycles, thus the sensitivity of this approach is very high. The choice of PCR primers allows a wide spectrum of specificity (7) . If general primers are used, almost all SSU rRNA sequences can be amplified. If unique PCR primers are chosen, only a single species or small group of bacterial SSU rRNA sequences in the sample will be amplified.
The high sensitivity of PCR is a mixed blessing; it is valuable for detecting low numbers of bacteria, but makes the determination of the abundance of different bacterial types difficult. Although PCR is very sensitive and is theoretically capable of detecting a single target molecule in a sample, amplification usually saturates during the later cycles and the amount of a specific sequence in the final amplification product is not always proportional to the amount of that sequence in the original sample. Also on occasions different sequences will be amplified to different extents, in which case their abundance in the final PCR product does not reflect their abundance in the original sample (8) . Thus, quantitative PCR (QPCR) techniques are required to determine the abundance of specific SSU rDNA sequences in environmental samples.
Quantitative PCR
The most rigorous means of determining the abundance of a specific target sequence in a sample is to co-amplify by PCR a highly similar sequence, an internal standard, which can then be distinguished from the target sequence in the PCR product. Frequently, a shortened version of the specific sequence is used as an internal standard. The PCR product is analyzed by gel electrophoresis and the relative amount of full length to shortened sequence is determined. A shortened internal standard is sometimes satisfactory, but given the difference in length there is a potential for differential amplification of the internal standard, particularly if an inhibitor is present in the sample. As a superior alternative, the internal standard can simply be the target sequence with a modified unique restriction site. In this case the target sequence and the internal standard differ only by 2 or 3 nucleotides and the efficiency of PCR amplification of these sequences is identical (8) . The internal standard and the target sequence differ at only one point; the target sequence has one restriction site at a unique location while the internal standard has a different restriction site at this location. Following PCR amplification, two aliquots of the PCR product are analyzed, one cleaved with the restriction enzyme characteristic of the specific sequence and the other aliquot cleaved with the restriction enzyme characteristic of the internal standard. The cleaved products are analyzed by gel electrophoresis for full length and cleaved PCR product. From this analysis the relative amount of cleaved PCR product in each digestion can be determined. These relative fractions of cleavage should be reciprocal, indicating that the restriction digestion has been complete. Knowing the amount of internal standard that was added to the sample prior to PCR amplification, the abundance of the specific sequence in the original sample can be readily calculated. Using this type of QPCR analysis the abundance of the target SSU rRNA sequence in the original environmental sample can be readily quantitated.
By knowing the number of SSU rRNA genes in the target species and the average genome size of the bacteria in the sample, the abundance of target bacteria can be calculated. Recently, we completed a survey of SSU rRNA gene copy number and genome size for virtually all of the prokaryotes in the available literature (9) . The average genome size of the bacteria in the sample allows the abundance of genomic DNA in the sample to be converted into the number of bacteria present in the sample. The SSU rRNA gene copy number of the target bacteria can be used to convert the abundance of SSU rRNA sequences into abundance of target bacteria in the sample. Thus, QPCR analysis can be used to provide an accurate measure of the abundance of a target bacterium in an environmental sample.
Recently, a real-time analytical technique for QPCR analysis, Taqman (Applied Biosystems, Foster City, California), has become available which provides remarkably rapid and accurate determination of target sequences in a sample (10) (11) (12) . A PCR machine such as the ABI 7700 Sequence Detector that is capable of recording the fluorescence activity of individual PCR tubes during the PCR amplification is employed. In essence, Taqman analysis measures the increase in PCR product for each cycle of the PCR amplification. During the early cycles the amount of PCR product is below the detection limit of the machine, but by cycle number 12 to 15, the PCR product can usually be detected. When the PCR product is first detectable, the PCR is still in the linear range and the amount of PCR product is proportional to the amount of target sequence in the original sample. During the late PCR cycles the reaction saturates and amplicons may no longer be proportional to the amount of target sequence in the original sample.
The amount of PCR product produced is monitored by the release of fluorescence from a target specific probe during the PCR process. The probe hybridizes specifically with the target sequence at a position between the PCR primers. There are two kinds of probe for the Taqman assay. The standard probe contains a fluorescent reporter dye and a non-fluorescent a quencher dye, in close proximity. The minor grove binder (MGB) probe contains a fluoresenct reporter, a non-fluorescent quencher and a minor grove binder, which significantly increases the binding of the probe to the target sequence (12a). The MGB probe is usually shorter (13-18 bp) than the standard probe (15-40 bp) and produces increased sequence specificity. The interaction between the reporter dye and quencher prevents the fluorescence of the reporter dye. The interaction between the two dyes prevents the fluorescence of the reporter dye. During PCR amplification the exonuclease activity of the polymerase degrades the probe and separates the reporter dye and the quencher dye, which allows fluorescence of the reporter dye. A standard curve is produced with known amounts of target DNA in separate reactions.
Although this QPCR analysis requires sophisticated and expensive instrumentation, it is a very rapid and accurate means of determining the amount of target DNA in a sample. This approach requires no post PCR analysis. The ABI 7700 Sequence Detector performs 96 parallel wells of Taqman analyses. Generally, 12 wells are used for controls and standards leaving 84 wells for sample analysis. The machine determines a standard curve and calculates the amount of target DNA in each of the sample wells. Thus the output is a direct measure of the abundance of target sequence in the sample. Extensive documentation on the principles, techniques, and applications of Taqman assays is provided on the Applied Biosystems website (www.appliedbiosystems.com/molecularbiology/about/ pcr/ sds/).
We have found that environmental samples often contain inhibitors of PCR amplification and it is difficult to ensure that all samples are free of PCR inhibitors. The Taqman analysis is vulnerable to such inhibitors because these inhibitors may vary from sample to sample and are not present in the reactions used to determine the standard curve. The ABI 7700 Sequence Detector is capable of monitoring several fluorescent probes simultaneously. This allows the amplification of a second DNA target in each well as an internal normalization standard to monitor the efficiency of PCR amplification in each individual wells. A target DNA sequence that is not present in the environmental samples is the internal normalization standard. We use a synthetic histone H4-like sequence as such an internal normalization standard. A primer/probe set specific to this internal normalization standard is included in each Taqman assay. The amplification of the internal normalization standard is monitored independently of the assay for the target sequence and the fluorescent signal from the target probe is normalized to the signal from the internal normalization standard, compensating for any PCR inhibitors in the individual samples.
Isolation of Total DNA from Environmental Samples
Each QPCR assay requires about 10 to 50 ng of genomic DNA, thus 1 µg of genomic DNA from the sample is adequate for repeated analysis. Assuming an average bacterial genome size of 2 x 10 6 bp, about 5 x 10 8 bacteria will yield 1 µg of genomic DNA. The size of the sample required to yield 5 x 10 8 bacteria varies depending on the source. Less than 100 ml of sewage treatment effluent is required, while 10 liters or more of marine or fresh water sample is usually required. The bacterial content of an environmental sample can be readily estimated by staining the cells with DAPI (0.4 µg/ml in phosphate buffered saline for 1 -5 min) and measuring the bacterial cell density by fluorescence microscopy. Aquatic samples are pre-filtered through lens paper to remove any macro debris (no bacteria are lost in this process). The bacteria are then collected by filtration using a Millipore 25 PA (5 µm pore size, 49 mm diam.) pre-filter followed by a GS (0.22 µm pore size, 249 mm diam.) filter. The pre-filter is necessary to prevent clogging of the main filter. The sample is passed though the filter from a simple pressure container with a pressure of slightly over one atmosphere. Bacteria are eluted from both the pre-filter and the main filter. Care in removing the bacteria from the main filter is required as many bacteria are found in the retained liquid immediately above the filter. Alternatively, the cells can be harvested by centrifugation, which works well for small samples such as sewage treatment effluent, but is awkward for larger samples.
Most bacteria in environmental samples are relatively easy to lyse and are generally susceptible to lysozyme, however a rigorous lysis procedure is used to ensure maximum lysis (13, 14) . It is important to achieve as complete a lysis of the cells in the sample as possible in order to get an accurate representation of all of DNA in the sample. Therefore, we have added disruption of the cells with glass beads to further ensure complete lysis (Protocol 1).
Construction of a QPCR Internal Standard
In order to construct an internal standard for QPCR analysis, the SSU rRNA sequences for the target bacteria and a general knowledge of the SSU rRNA sequences of the other bacteria in the sample is required. This can be obtained by producing a library of SSU rRNA sequences from the sample or this information can often be obtained from the Ribosomal Database Project (RDP; 15, www.cme.msu.edu/RDP/html/index.html).
As an example, the construction of a QPCR internal standard for Bacteroides is outlined. SSU rRNA sequences for several Bacteroides species were obtained from the sequence database and a consensus sequence was formed. Two PCR primers were chosen that amplify humanspecific Bacteroides spp. DNA and yield a PCR product that is 725 base pairs (bp) in length (Table 1) . Within this PCR product there is a unique BspEI restriction site, which when cleaved gives two fragments, one 438 bp in length and the other 287 bp. The appropriateness of these primers and unique restriction site was confirmed by PCR amplifying several samples and cleaving the product with BspEI. All PCRs yielded a 725 bp product that was cleaved by BspE I into two fragments, 438 bp and 287 bp respectively. In constructing the internal standard this BspEI site will be converted to a different restriction site. Virtually any enzyme recognition sequence can be used as the new restriction site, however it must not occur in the fragment amplified by the specific primers. In this example XbaI was chosen as the new restriction site. The PCR products from several samples were digested with XbaI and no cleavage occurred indicating that there were no XbaI sites within this region. The internal standard is constructed from a cloned Bacteroides fragilis SSU rRNA sequences. Forward and reverse primers that span the BspEI site are synthesized. Each primer has a two base pair modification that converts the Bacteroides BspEI site to a XbaI site. Two PCR products are produced using the forward primer and the modified reverse primer or the reverse primer and the modified forward primer (see Figure 1) . These PCR products are cleaved with XbaI and ligated together (16) . This new molecule is PCR amplified using the forward and reverse primers. The resulting PCR product is the Bacteroides SSU rRNA sequence with the BspEI site replaced by a Xba I site. Finally, this sequence is cloned and used as a QPCR internal standard for Bacteroides.
QPCR Assay Using an Internal Standard

1.
A master PCR mixture is prepared according to the manufacturer's protocol, including Taq polymerase, buffer, MgCl 2 , dNTPs, species specific forward and reverse primers for the rDNA region at 300 nM concentration, and 20 pg of internal standard DNA (for each assay). This master mixture is prepared in roughly half the final volume (which is usually 50 µl). 2. The master mixture is divided into equal aliquots and 10 ng of sample DNA is added to each aliquot. Distilled water is added to each aliquot to bring each PCR to its final volume (which is usually 50 µl). with the restriction enzyme specific to the native rDNA sequence and a second 5 µl aliquot is digested with the restriction enzyme specific to the internal standard (according to the directions of the manufacturer of the restriction enzyme). 5. These digests are analyzed on a 3% agarose gel with electrophoresis voltage of 8 V/cm for 60 min using TBE buffer (16) . The gel is stained with ethidium bromide (0.5 µg/ml) and the gel image is electronically documented. The amount of DNA in each band is determined with NIH Image 1.62b7 software. 6. The ratio of the amount of DNA in the full-length (uncut) band to the total amount of DNA in two cleaved bands is calculated for the two images. If the ratio is less than 1/10 or greater than 10, the assay is repeated with the amount of sample DNA adjusted to yield a ratio in this range. 7. The rDNA target usually makes up about 1/4 of the internal standard DNA, thus there is about 5 pg of internal standard in each PCR. The exact portion of rDNA target in the internal standard DNA depends on the distance between the specific forward and reverse primers and the total size of the cloned internal standard DNA (vector plus insert). 8. The amount of target DNA in the sample is estimated as 5 pg multiplied by the ratio (full length to cleaved bands) for the PCR products digested with the restriction enzyme specific for the internal standard DNA. Similarly, the amount of target DNA in the sample is estimated as 5 pg divided by the ratio (full length to cleaved bands) for the PCR products digested with the restriction enzyme specific for the specific DNA in the sample. Dividing these two estimates by the amount of sample DNA (10 ng) added to the amplification reaction yields the amount of specific rDNA/ng in the sample. 9. If the two estimates of rDNA/ng are similar they can be used to calculate the number of specific bacteria in the sample knowing the proportion of the bacterial genome that is rDNA (this proportion is usually close to 1/1000).
Different internal standard rDNA sequences will need to be constructed for estimating the amount of different bacteria in samples. For Bacteriodes we constructed the internal standard as described above, using the primers given in Table 1 .
Construction of a QPCR Taqman Primer/Probe Set
The Taqman probe and primers are selected to hybridize to a region unique to the target DNA with the probe having a T m that is 10 o C higher than the primers, with the assistance of the Primer Express program (Applied Biosystems, Foster City, California). As an example, the construction of a QPCR Taqman probe and primers for Bacteroides is outlined.
The Each Taqman assay has a normalization standard included to correct for any inhibitors introduced with the sample DNA. A synthetic sequence 213 bp in length, cloned into pUC19 plasmid vector and coding for a histone-like H4 protein, is used as a normalization standard for Taqman QPCR. Any sequence that is not found in the sample under investigation can be used as a normalization standard. A primer/probe set for this sequence is constructed in the manner described above, with the alternative fluorochrome VIC as the reporter dye. Primers for this normalization standard do not amplify sequences from any of the environmental sample tested. When test samples composed of mixtures of the internal standard and Bacteriodes DNA are amplified in a Taqman QPCR assay with both the target primer/probe set and the normalization primer/probe set, the results are consistent with the composition of the samples tested. software is used to calculate the amount of Bacteriodes rDNA and the amount of normalization standard DNA present in sample. The software does this on the basis of the standard curves using the Cto (the number of cycles required for the PCR product to reach a detectable amount). The amount of normalization DNA in each reaction is 20 pg, thus the amount of Bacteriodes rDNA in each sample is corrected based on the amount of normalization DNA detected in the sample. If the corrected amount of Bacteriodes DNA in the sample is less than 2 pg or more than 200 pg the assay is repeated with the sample DNA adjusted to this range. 5. Dividing the estimated amount of Bacteriodes rDNA by the total amount of DNA added to each sample (25 ng) yields the amount of specific rDNA/ng in the sample. This estimate can be used to calculate the number of specific bacteria in the sample knowing the proportion of the Bacteriodes genome that codes for rRNA (this proportion is close to 1/1000).
QPCR Analysis Using the Taqman Assay
Concluding Remarks
This article describes two QPCR assays. The internal standard QPCR produces accurate estimates of the amount of specific DNA sequences in the sample. It does not require sophisticated equipment but it does, however, require substantial post-amplification analysis, including restriction digestion and electrophoresis gel analysis, in addition to an internal standard unique to each bacterial sequence measured. For all Taqman QPCR assays a single normalization standard can be used. However, the Taqman QPCR analysis requires PCR equipment capable of real-time analysis. Both of the assays involve the construction of internal standardization sequences and the Taqman QPCR assay utilizes two fluorescent probes/ primer sets. Each Taqman analysis is significantly more expensive than an internal standard assay, but the Taqman assays are more amenable to automation. Each assay has its unique strengths and one or the other is capable of providing accurate estimates of the amount of specific DNA sequences in complex environmental samples.
